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A B S T R A C T   

Land use is a key driver of the ongoing biodiversity crisis and therefore also a major opportunity for its miti
gation. However, appropriately considering the diversity of land-use actors and activities in conservation as
sessments and planning is challenging. As a result, top-down conservation policy and planning are often 
criticized for a lack of contextual nuance widely acknowledged to be required for effective and just conservation 
action. To address these challenges, we have developed a conceptually consistent, scalable land system typology 
and demonstrated its usefulness for the world’s tropical dry woodlands. Our typology identifies key land-use 
actors and activities that represent typical threats to biodiversity and opportunities for conservation action. 
We identified land systems in a hierarchical way, with a global level allowing for broad-scale planning and 
comparative work. Nested within it, a regionalized level provides social-ecological specificity and context. We 
showcase this regionalization for five hotspots of land-use change and biodiversity loss in dry woodlands in 
Argentina, Bolivia, Mozambique, India, and Cambodia. Unlike other approaches to present land use, our ty
pology accounts for the complexity of overlapping land uses. This allows, for example, assessment of how 
conservation measures conflict with other land uses, understanding of the social-ecological co-benefits and trade- 
offs of area-based conservation, mapping of threats, or targeting area-based and actor-based conservation 
measures. Moreover, our framework enables cross-regional learning by revealing both commonalities and social- 
ecological differences, as we demonstrate here for the world’s tropical dry woodlands. By bridging the gap 
between global, top-down, and regional, bottom-up initiatives, our framework enables more contextually 
appropriate sustainability planning across scales and more targeted and social-ecologically nuanced 
interventions.   

1. Introduction 

Millennia of land use have shaped the global ecosystem, yet recent 
increases in the extent and intensity of land use have led to unprece
dented biodiversity loss (Ellis et al., 2021; IPBES, 2018; Jaureguiberry 
et al., 2022; Newbold et al., 2015; Pimm et al., 2014), putting billions of 
livelihoods at risk (IPBES, 2019; Olesen et al., 2022). Unless major so
cietal transformations take place, pressure from land use is expected to 
increase further as global demands for food, feed, and biomass continue 
to rise (Díaz et al., 2019; Kehoe et al., 2017). How to limit ecosystem 
degradation and species’ decline, while safeguarding the livelihoods of 
local people, is a major challenge of the 21st century (Ellis, 2019; Gur
ney et al., 2021). 

However, despite much investment in area-based conservation over 
many decades, current extent and effectiveness are insufficient, and it is 
failing to halt global biodiversity loss (Maxwell et al., 2020; Williams 
et al., 2022). The recently agreed global targets under the Global 
Biodiversity Framework thus aim to increase the global coverage of 
protected areas and other effective area-based conservation measures 
(OECMs) to at least 30 % by 2030, as well as to restore degraded lands on 
an unprecedented scale (Convention on Biological Diversity, 2022). 
These ambitious goals imply that the importance of conservation must 
increase in most landscapes across the globe, inevitably leading to 
overlaps and competition with other land uses, as well as potentially 
affecting hundreds of millions of rural people who live in landscapes of 
high conservation value (Sandbrook et al., 2023; Schleicher et al., 
2019). Conservation agendas misaligning with local needs and dis
regarding the complex interactions between local people and their 
environment have often led to conflict, violence and conservation failure 
(Brockington, 2002; Iwamura et al., 2018; Sandbrook et al., 2023). 
Carefully considering how conservation interventions interact with local 
land uses is therefore critically important. At the heart of this challenge 
are land-use actors as the ones making decisions on how land is used, 
thus potentially posing threats to species and ecosystems, through ac
tivities like cropping, logging, or pesticide application (Balmford et al., 

2009; Iwamura et al., 2018). Therefore, it is crucial that conservation 
and land-use planning considers how interventions both affect and 
engage local land-use actors to ensure both just and effective conser
vation outcomes (Lees et al., 2021; Raymond et al., 2022). 

The core tenets of such a nuanced conservation planning approach 
hinge fundamentally on recognizing the complexity and diversity of 
different land-use actors and their activities (Alves-Pinto et al., 2021; 
Srivathsa et al., 2023). Yet, how to address this complexity remains a 
major challenge, as conservation science builds on a legacy of concepts 
and tools suited for simpler challenges and has often relied on coarse 
land-cover proxies to represent land use (Game et al., 2014). This is 
problematic as land cover cannot capture crucial land-use characteris
tics on the ground. For example, tree cover can signal primary forests, 
managed forests, or tree crop plantations, all of which have very 
different biodiversity impacts (Barlow et al., 2007). Land-cover proxies 
also rarely capture variation in land-use intensity (Kuemmerle et al., 
2013), although intensity largely determines threat levels to biodiversity 
(Semenchuk et al., 2022). Likewise, the diversity of land uses is often 
oversimplified. For example, smallholder farmers may collect firewood, 
graze livestock, or hunt in nearby forests in addition to their agricultural 
activities (Olesen et al., 2022; Shackleton & Shackleton, 2004). Finally, 
limited information is typically available about diverse human interests 
on land, such as economic aspirations and cultural practices (Ban et al., 
2013; Game et al., 2014), although ignoring these in conservation 
agendas can lead to conflict with local communities (Pressey et al., 
2007; Sandbrook et al., 2023). The lack of effectiveness and fairness of 
many past conservation interventions can thus be, at least partly, 
attributed to the oversimplification of land-use actors and activities on 
the ground (Löfqvist et al., 2023; Oldekop et al., 2016). How to go 
beyond such oversimplification, while avoiding getting trapped in case 
specificity, is a challenge for conservation and in sustainability science 
more broadly. 

A systems perspective provides great potential to recognize and 
structure land-use heterogeneity: similar land uses in comparable social- 
ecological systems often create similar landscapes, affect biodiversity in 
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similar ways, and present similar conservation opportunities. The 
challenge of identifying such typical, recurring patterns of land use lies 
at the core of land system typologies (Kostrowicki, 1992; Malek et al., 
2019; Václavík et al., 2013). However, available typologies are insuffi
cient as tools for conservation planning: while global typologies can 
offer important insights at the macroscale (Asselen & Verburg, 2012; 
Ellis & Ramankutty, 2008), they are hampered by the limited avail
ability of thematically and spatially- detailed datasets, have mainly 
taken a land-cover perspective, and are not suited for planning at scales 
relevant for conservation practitioners (e.g., landscapes to regions). 
Conversely, more localized typologies offer site-specific details (Duver
noy, 2000; Pacheco-Romero et al., 2021), but inhibit learning and 
knowledge transfer across regions, cannot inform decisions at broader 
scales, and lack a link to global-scale policymaking and target setting. 
What is missing is a scalable, ‘middle-ground’ typology that enables 
synthesis, comparisons, and planning, while retaining regionalized 
contextuality (Cohen-Shacham et al., 2019; Keith et al., 2022). 

The need for, and potential of, such scalable typologies has recently 
been recognized for describing ecosystems, culminating in a major effort 
by the International Union for Conservation of Nature (IUCN) to pro
duce a new ecosystem typology that organizes all of Earth’s ecosystems 
based on a unifying theoretical context, emphasizing ecosystem func
tioning instead of available land-cover or species data (Keith et al., 
2022). This expert-based typology links higher levels that represent 
generic functional groups with lower levels that consider differences in 
biotic composition. However, a comparable, conceptually consistent, 
and scalable approach that accounts for land use and actors is missing. In 
the context of conservation, such a land system typology should repre
sent generalizations of social and ecological land-use components that 
transcend case specificity, but still entail an appropriate level of 
contextual complexity for targeted conservation action. In particular, it 
should (1) acknowledge the diversity of land-use actors and activities 
that represent threats to biodiversity, as well as opportunities for con
servation, (2) capture site-based contextual knowledge for action on the 
ground, and (3) retain global consistency for large-scale planning and 
comparison. 

Here, we propose an approach to operationalize these three design 
principles and build a conservation-relevant land-system typology. We 
use archetype analysis as a tool to generalize knowledge across cases and 
geographies in a context-sensitive way (Eisenack et al., 2021; Oberlack 
et al., 2023). Archetype analysis is especially valuable for bridging the 
science-policy gap in under-researched, and data-wise underrepresented 
sustainability aspects (Sietz et al., 2019), a situation common in many 
biodiverse regions in need of conservation planning. We demonstrate 
our approach for the world’s tropical dry forests and savannas (here
after: tropical dry woodlands), which harbor exceptional biodiversity 
and sustain the livelihoods of hundreds of millions of people. Although 
these ecosystems face high and rising land-use pressure (Buchadas et al., 
2022a), they have often been overlooked by science and policy 
(Kuemmerle et al., 2017; Schröder et al., 2021). This is partly due to the 
difficulties of broad-scale, satellite-based assessments in accurately 
capturing the, often subtle, vegetation changes and degradation pro
cesses within tropical dry woodlands (Ryan et al., 2012). Moreover, 
there is a significant “attention bias” of conservation organizations, 
conservation funders, governance, and policymakers, as well as the 
general public towards the more charismatic tropical rainforests that 
leaves many tropical dry ecosystems weakly protected (Qin et al., 2023; 
Schröder et al., 2021; Stan et al., 2024). Our goal here is to structure 
land-use complexity in tropical dry woodlands in a way that can inform 
conservation science and action. To do so, we have developed a scalable 
typology of land systems, with two levels, a global level describing 
systems that could occur in all tropical dry woodlands, and, nested 
within, a place-based, regionalized level. We demonstrate this region
alization for five hotspots of land-use change and biodiversity loss in dry 
woodland regions: the Chaco dry forest in Argentina, the Chiquitano dry 
forest in Bolivia, the Deccan dry forests in India, the Miombo-Mopane 

woodlands in Mozambique, and the Indochina dry forests in Cambodia. 

2. Methods 

We used an expert-based archetyping approach to conceptualize and 
develop our land system typology, following four key steps (Fig. 1): (A) 
development of the conceptual framework; (B) collecting place-based 
knowledge on actors and activities; (C) archetyping land systems; and 
(D) expert triangulation and evaluation. We performed these steps 
through an iterative process. Hence, insights from each step informed 
the development of the next and permitted refining the typology 
through several versions. 

2.1. Focus regions 

We developed the typology for the world’s tropical dry woodlands 
(Fig. 2). Tropical dry woodlands, including tropical and subtropical dry 
broad-leaved forests, wooded grasslands, savannas, and shrublands, 
cover about 20 % of the global terrestrial surface (Dinerstein et al., 
2017). Tropical dry woodlands harbor many endemic plant and animal 
species (Banda-R et al., 2016) and hold about 25 % of the global 
terrestrial carbon (Bonan, 2008). They also support millions of people in 
some of the world’s poorest areas for farming, grazing, hunting, and 
collecting forest-based products, including firewood and medicinal 
plants (Altrichter, 2006; Baldi et al., 2013; Olesen et al., 2022). Much of 
the existing knowledge on land use and its impacts on tropical biodi
versity has focused on rainforests, even though deforestation has 
expanded more drastically in the dry woodlands over recent decades 
(Pacheco et al., 2021). 

Land use in tropical dry woodlands is heterogenous and the land
scapes have been inhabited and co-produced for millennia (Lehmann & 
Parr, 2016) with high cultural diversity. The colonial trade system, and 
the incorporation of geographically distant regions into international 
networks of food production, have spurred the rapid expansion of 
modern agriculture over the last decades (le Polain de Waroux et al., 
2018; Ordway et al., 2017). In many dry woodland regions, this has led 
to profound transformations of ecosystems, biodiversity, and rural 
livelihoods (Chaudhary & Kastner, 2016; Levers et al., 2021), while in 
other regions, (semi-)subsistence agriculture is the main cause of 
transformations. Given these heterogeneous land-use contexts, 
simplistic “one-size-fits-all” conservation interventions are likely to fail, 
making tropical dry woodlands an interesting case to explore how the 
diversity surrounding land use can be structured and organized for 
conservation science, planning and action (Baldi & Jobbágy, 2012). 

We selected five tropical dry woodland regions as case studies to 
demonstrate the regionalization of our typology (Fig. 2). All of them are 
major hotspots of land-use change and biodiversity loss (Buchadas et al., 
2023), either due to substantial historical deforestation, as in the dry 
forests of India (Ravikanth et al., 2000), high recent deforestation, as in 
the Gran Chaco and Chiquitano dry forests in South America (Baumann 
et al., 2022; Romero-Muñoz et al., 2019) and the Indochina dry forests in 
Cambodia (Davis et al., 2015), or ongoing activation of large-scale 
deforestation frontiers, as in the Miombo-Mopane woodlands in South
ern Africa (Ordway et al., 2017). The selection of the cases was 
furthermore influenced by the geographies with which the core team of 
authors were familiar and where they could assemble a network of 
regional experts. We analyzed our dry forest regions within single 
countries to ensure homogeneity of institutional conditions, as land-use 
and conservation planning typically takes place within countries. More 
detailed descriptions of the selected focus regions are provided in Sup
plementary Information 1. 

2.2. Development of the conceptual framework 

To develop a conceptual model for our land-system typology, we 
consider land systems as integrated social-ecological systems with land 
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use as the central link between the social and ecological subsystem 
(Verburg et al., 2015). To identify key factors that shape land use and 
thus, in turn, present challenges and opportunities to conservation, we 
reviewed synthesis studies on land system science, specifically on 
middle-range theories, generalizable knowledge claims, and land-use 
frameworks (Magliocca et al., 2018; Meyfroidt et al., 2018). Building 
primarily on the framework put forward by Turner et al. (2020), we 
identified main groups of factors that influence land-system patterns and 
dynamics (Fig. 3): economic context, institutions, actor characteristics, 
and management strategies. Following recent calls to consider the 
diverse perceptions and valuations of nature, and how they are influ
enced by cultural dynamics (le Polain de Waroux et al., 2021; Meyfroidt 
et al., 2022; Pascual et al., 2023), we specifically added a component on 
motives to highlight the core importance of various motivations for 
using land. This component is key in our framework, as conservation 
action must account for and potentially modify these motives in order to 
be successful. 

Motive describes the diverse and multiple motivations of actors for 
using land, including for food production, income, capital, the exercise 
of power and control, cultural practices, or conservation (Meyfroidt 
et al., 2018; Turner et al., 2020). Economic context accounts for the 
broad-scale political-economic order affecting land use, as well as con
straints or opportunities related to markets and rents (Angelsen, 1999; le 

Polain de Waroux et al., 2018) and distal economic links such as through 
supply chains (Lambin et al., 2018; Meyfroidt et al., 2013) or foreign 
funding of conservation initiatives (Qin et al., 2022). Institutions related 
to land describe the formal and informal rules and norms that govern 
land use, commonly addressing incentives and governance of land and 
resources access and use via tenure, policies, laws, and informal ar
rangements (Baragwanath & Bayi, 2020; Holland et al., 2022; Ostrom, 
1990). Actor characteristics encompass cultural systems, agency, and 
social and material capacity (Bebbington, 1999; le Polain de Waroux 
et al., 2021), often linked to power dynamics and interaction with other 
actors, such as via networking, organizing, or conflict (Porter, Michael 
E., 2000; Richards, 2018). Finally, management strategies encompass the 
available technology and infrastructure for land use, such as the level of 
technological inputs or labor (Erb et al., 2013), or the use or suppression 
of fire for land management (He et al., 2019). 

Measuring the variables entailed in our five groups of factors is not 
feasible with fine-grained detail over large regions. Therefore, we 
structure land-use complexity by defining land systems as distinct 
combinations of major types of land-use actors, as the agents utilizing a 
specific area of land for a specific purpose, and their activities, as the 
diverse agricultural, institutional, and cultural practices leading to an 
interaction with natural assets. These actors (e.g., capitalized farmers) 
and their activities (e.g., soybean cropping) then produce typical land- 

Fig. 1. Workflow for the development of our scalable land-system typology (global/regionalized level). We followed a stepwise process to develop our typology: A. 
Development of the conceptual framework, drawing on middle-range theories; B. Collecting place-based, contextual knowledge on actors and activities, using expert 
workshops; C. Archetyping land systems; and D. Iterative expert triangulation and evaluation. 

Fig. 2. Global tropical dry woodlands and our five study regions (with the selected regions in dark blue and the country-level focus outlined in orange). As tropical 
dry woodlands, we considered all forests, shrublands, and savannas as falling into two biomes according to the updated biome classification of Dinerstein et al., 
(2017; Olson et al., 2001): (1) tropical and subtropical dry broad-leaved forests and (2) tropical and subtropical grasslands, savannas and shrublands. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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system patterns (e.g., an agricultural landscape dominated by homoge
nous, large soybean fields, producing commodities for international 
supply chains using capital-intensive inputs) (Marinaro et al., 2017). In 
our typology, actors (whether individuals, communities, private com
panies, government agencies, or NGOs) do not always hold formal 
property rights over land, but, in practice, determine how land is used. 
In short, we identify key types of actors and activities so that the types 
differ in one or more of our factors and, accordingly, group similar actors 
and activities into relatively homogeneous land systems. 

Since our systems are defined by key land-use activities, they can be 
linked to land-use-related threats to biodiversity (e.g., habitat loss and 
pesticide pollution in the case of soybean cropping) relying on an 
existing threat categorization (Balmford et al., 2009), which broadly 
differentiates between threats from habitat transformation and threats 
that directly reduce survival. Likewise, as our systems are defined based 
on land-use actors, systems can be linked to specific sets of conservation 
action (e.g., supply-chain mechanisms in the case of capitalized 
farmers), broadly differentiating between area-based measures (e.g., 
protected areas) and supply-chain-based measures (e.g., certification 
systems). We further distinguish among instruments that incentivize (e. 
g., payment for ecosystem services), that constrain (e.g., protected 
areas), or that support or inform (e.g., formalization of land rights). 

2.3. Collecting place-based knowledge 

We operationalized our conceptual model through place-based 
expert knowledge, drawing on a narrative perspective on land use 
(Lambin et al., 2003). We chose an expert-knowledge-driven co-pro
duction approach for two reasons. First, verified and systemized 
empirical knowledge on the established working hypotheses in our 
conceptual model is not available for most tropical dry woodlands. 
Second, integrating contextual expert knowledge allows the 

incorporation of place-specific detail and interpretation that would be 
hard or impossible to capture otherwise, such as the social-ecological 
properties of land use structured by local institutions and culture that 
can only be apprehended from an historical, interpretative vantage point 
(Batterbury & Bebbington, 1999). To source place-based, contextual 
knowledge about land-use actors and activities, we organized 10 expert 
workshops including 46 experts on land use in tropical dry woodlands 
from diverse disciplinary backgrounds (e.g., land system science, ge
ography, sociology, agrarian studies, agronomy, ecology, and conser
vation science and practice) (see Supplementary Information 2 for a list 
of experts’ regional expertise and discipline). All experts had extensive 
working experience in tropical dry woodlands and many of them lived in 
these regions. The workshops took place in person or online (see Sup
plementary Information 3 for more information on the workshops). To 
foster group dialogue, we used participatory assessment tools (the World 
Café methodology, https://theworldcafe.com) in the in-presence setting 
(Löhr et al., 2020) and online collaboration platforms (i.e., miro). Dur
ing workshops, participating experts worked on collecting lists of 
regionally operating land-use actors and regionally occurring land-use 
activities. 

2.4. Archetyping land systems 

We applied an archetypes approach to identify land systems at a 
meaningful level of complexity. Archetype analysis is used to recognize 
and structure complexity by depicting patterns of human-environment 
interactions across cases and in a context-sensitive way (Eisenack 
et al., 2021; Oberlack et al., 2023; Sietz et al., 2019). This is done by 
analytically decomposing complexity and then classifying recurrent 
configurations of attributes at an intermediate level of abstraction. Such 
typifying involves analytical decisions about the appropriate level of 
abstraction to obtain non-universal, but recurrent patterns (Eisenack 

Fig. 3. Conceptual model underlying our land system typology. We regard land systems as integrated social-ecological systems with land use as the link between 
social processes (via land-use actors) and ecosystem changes (via land-use activities). We consider five groups of interacting factors that shape land use (boxes in the 
first row). To structure the resulting complexity and diversity of land-use actors, activities, and contexts (second row), we define specific land systems (red circles in 
the third row) as typical recurring patterns of land-use actors, activities, and social-ecological contexts, translating into specific conservation challenges (threats to 
species and ecosystems) and opportunities for conservation action. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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et al., 2021). 
We used expert assessment as our qualitative archetyping method

ology. The process began with establishing a shared understanding of 
archetypes among experts and defining an appropriate level of 
abstraction based on meaningfully representing challenges (i.e., threats 
from land use to biodiversity) and opportunities (i.e. conservation in
terventions) for conservation planning. Hence, the goal was to develop 
the land system types as middle-ground between case-specificity and 
overgeneralization, thus retaining the necessary nuance to be matched 
with specific threats to biodiversity and targeted conservation action 
while still enabling comparison across cases. To depict land systems as 
generalizations of the social-ecological complexity surrounding land 
use, land use was analytically decomposed into two main components, 
land-use actor and land-use activity, and further described by a list of 
more specific attributes from our conceptual framework outlined above 
(Fig. 3). Interdisciplinary expert discussions provided the basis for 
grouping lists of land-use actors and land-use activities developed in our 
workshops into land systems that encompass key combinations of both. 
We commenced with an initial set of land systems, which we checked 
and discussed with participating experts and, if needed, subdivided 
further or merged them. This process was informed by our conceptual 
framework (Fig. 3) as a decision support tool and guided by the goals to 
establish a level of detail meaningful for characterizing threats and 
opportunities on the one hand, and cross-regional planning, on the 
other. 

2.5. Iterative expert triangulation and evaluation 

To validate the outcome of the archetyping process, we conducted 
further rounds of expert consultation and evaluation. We used an online 
collaboration platform to facilitate exchange across regions and time 
zones. Based on graphical representations and documentation of the 
preliminary typology drafts, and to obtain the experts’ opinion on the 
internal homogeneity of the derived land systems, we specifically asked 
whether land systems could be merged or should be split to reach a level 
of generalization that is most meaningful for conservation planning in 
the given context. Finally, experts evaluated the alignment between the 
global systems and the respective regionalized ones. To evaluate the 
scope of the typology beyond the five focus regions, we consulted with 
experts on our focus regions and other tropical dry woodlands (i.e., 
Neotropical dry forests generally, Cerrado, Caatinga, Miombo and 
Mopane woodlands generally, Madagascar, Australia) and assessed the 
fit of the global system types for their region of expertise. 

3. Results 

3.1. Global land systems 

The global level of our typology identifies 15 land systems based on 
typical combinations of land-use actors and activities. These could, in 
theory, occur in all tropical dry woodland regions and translate into 
typical conservation challenges and opportunities (Table 1). The first 
four land systems are capitalized farming systems, which are charac
terized by large-scale agricultural operations and involve significant 
capital investment and technologies: (1) Industrial annual cropping sys
tems are mechanized, use advanced agronomic technology, and high- 
input practices, and produce commodities for national and interna
tional markets with high productive output. (2) Capitalized ranching 
systems describe large-scale ranching operations, typically with man
agement techniques that increase livestock production, such as through 
improved pastures and concentrated fodder. (3) Speculative land holding 
describes the clearing of (previously forested) land essentially for 
speculative purposes (i.e., selling the land at higher prices, cultivating it 
later when market conditions are most favorable, or leaving it idle after 
taking the logs off the ground). In (4) industrial tree cropping systems, tree 
crops are cultivated at a large scale for commercial purposes. 

Next, we identified a group of four diverse small-scale systems, all 
characterized by small land areas, limited financial resources, and often 
managed by individual families or local communities: (5) Smallholder 
farming systems describe mixed, sedentary small-scale farms, where 
actors usually rely on a bundle of agricultural activities for their liveli
hoods, involving (tree) cropping, horticulture, and livestock rearing but 
also the use of adjacent woodlands for hunting and sourcing wood and 
non-timber forest products (NTFPs). Farm size, land-use intensity, use of 
capital-intensive inputs, and market integration vary within this land 
system, encompassing a spectrum from (semi)subsistence to more 
market-oriented smallholders. (6) Shifting cultivation systems are mixed 
land-use activities with traditional rotational farming practices that 
involve the temporary clearing of land for several years of cropping, 
before moving to a different plot, allowing the previous plot to regen
erate. (7) Pastoralist systems are characterized by livestock as the main 
source of livelihoods and income. Actors can be sedentary or semi- 

Table 1 
Land systems entailed in the general, global level of our typology and examples 
of potential threats to biodiversity. These generic land systems were designed so 
they could occur in any tropical dry woodland region.  

Land systems Exemplary potential threats to biodiversity 

Capitalized farming systems 
1 Industrial annual 

cropping 
Full removal of tree cover and non-forest natural 
vegetation or wetlands; agrochemical pollution; 
biological contamination; persecution and control of 
non-beneficial flora and fauna 

2 Capitalized 
ranching 

Full removal of tree cover and partial removal of non- 
forest natural vegetation or wetlands; potential 
persecution and control of non-beneficial flora and 
fauna 

3 Speculative land 
holding 

May include the removal of tree cover and non-forest 
natural vegetation or wetlands 

4 Capitalized tree 
cropping 

Full replacement of natural tree cover and non-forest 
natural vegetation or wetlands; agrochemical 
pollution; persecution and control of non-beneficial 
flora and fauna  

Small-scale systems 
5 Smallholder 

farming 
Partial removal of tree cover and non-forest natural 
vegetation; potential persecution and control of non- 
beneficial flora and fauna; potentially overharvesting 
of wild species; potentially uncontrolled use of fire 

6 Shifting cultivation Partial and temporary removal of tree cover; 
potentially overharvesting of wild species; potentially 
uncontrolled use of fire; potentially soil degradation 

7 Pastoralism Partial removal of non-forest natural vegetation; 
potentially overharvesting of wild species; potentially 
forest degradation 

8 Forest-dwelling Potentially overharvesting of wild species; potentially 
uncontrolled use of fire  

Forestry 
9 Forest plantation Replacement of natural tree cover or transformation of 

open grassy ecosystems; potential introduction of 
invasive species; agrochemical pollution 

10 Forestry in native 
forests 

Modification and potential degradation of natural tree 
cover  

Conservation land uses 
11 State conservation Potentially ineffective or inappropriate management; 

potentially misinformed afforestation 
12 Private 

conservation 
Potentially ineffective or inappropriate management; 
potentially misinformed afforestation 

13 Community 
conservation 

Potentially ineffective or inappropriate management  

Highly modified land uses 
14 Energy land uses Full removal of tree cover and (partially) non-forest 

natural vegetation 
15 Mining and 

construction 
Full removal of soil and biosphere; hydrological 
pollution  
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nomadic (i.e., herders moving their animals seasonally in search of 
pastures). (8) Forest-dwelling systems are characterized by community 
forest use that is primarily based on collecting NTFPs and subsistence 
hunting, possibly with a more minor role of gardening. Next, we iden
tified two forestry systems where forests are managed for timber 
extraction: In (9) Forest plantations, timber is harvested from commer
cial, large-scale tree plantations, whereas (10) forestry in native forests 
describes the selective logging of trees from native forests for timber and 
charcoal production. 

We differentiate three area-based conservation systems, encom
passing areas explicitly managed for conservation or restoration pur
poses, and usually implying restrictions on extractive activities and 
access: (11) State conservation systems encompass all area-based con
servation efforts led and managed by government entities and typically 
formerly designated as protected areas. (12) Private conservation systems 
encompass all area-based conservation initiatives driven by individuals, 
non-governmental organizations, or corporations. (13) Community con
servation describes institutionally and culturally diverse arrangements 
that lead to the protection of landscapes (co-)managed by local com
munities. Note that conservation land systems are defined as having 
conservation as an explicit purpose, in contrast with other systems 
which can have conservation values and activities, but typically as 
subsidiary objectives. 

The last two systems in our typology include land uses that involve 
significant landscape alteration resulting in a very high degree of 
modification: (14) Energy land use systems describe the use of land for 
energy production installations, such as solar farms, wind parks, or 
hydropower installations. (15) Mining and construction systems include a 
diverse set of land uses that entail the total removal of natural land cover 
for both extracting mineral resources and constructing infrastructure 
and buildings. All systems are described qualitatively, which allows for 
overlap in space and highlights the plurality of land uses in many 
landscapes. 

3.2. Regionalized land systems 

The regionalized level describes land systems in more detail, 
contextualized for five tropical dry woodland regions in Argentina, 
Bolivia, Mozambique, India, and Cambodia. The regionalization process 
can involve leaving out certain land systems, refining global systems to 
fit the regional context, or splitting global systems into regional sub- 
systems (Fig. 4, Table 2). While we find recurring patterns of conser
vation threats and opportunities related to land use across tropical dry 
woodlands worldwide, not all of them are equally important for all dry 
woodland regions and contexts. Our regionalized systems thus capture 
the place-based nature of conservation challenges shaped by a given 
social ecology. Below, we highlight the most pronounced differences 
and similarities among the five regions we analyzed, acknowledging 
that these remain generalizations (see Supplementary Information for a 
more detailed description of land-use actors and activities per region
alized system). 

The forms and importance of capitalized agriculture vary across our 
five regions. In Argentina and Bolivia, agribusiness cropping (mostly 
soybeans and maize) and capitalized ranching are most dominant in 
terms of the areas occupied and threats to biodiversity, most importantly 
through habitat transformation. Interestingly, and unlike the other dry 
forest regions we analyzed, land-use actors often engage in both 
ranching and cropping, sometimes alternating these activities on the 
same land, depending on market and weather conditions. Speculative 
land holding is a land use that often precedes agribusiness systems. It 
involves the clearing and subsequent selling of land and is widespread in 
Bolivia, where commodity frontiers are accelerating. Capitalized tree 
cropping is a major land use in many dry woodland regions but is most 
widespread in India (mostly rubber and fruit trees). These are often 
monocultures but, in some instances, large-scale tree plantations include 
crops or vegetables in horticultural agroforestry, resulting in higher 
landscape diversity and thus providing environmental and biodiversity 
benefits. In Cambodia, capitalized (tree) cropping operations may occur 
inside protected areas through economic land concessions. 

The group of small-scale systems entails the largest diversity across 

Fig. 4. Scalable land system typology, with 15 general land systems at the highest level, and regionalized systems for five regions: (A) the Gran Chaco dry forest in 
Argentina, (B) the Chiquitano dry forest in Bolivia, (C) the Deccan dry forests in India, (D) the Miombo-Mopane woodlands in Mozambique, and (E) the Indochina dry 
forests in Cambodia. The top row demonstrates the limited number of classes that a land-cover perspective would typically identify (cropland, tree cover, built-up, 
bare soil). See Table 2 for a short description of the associated regional land system. A detailed description of regionalized land systems (i.e., land-use actors and 
activities) as well as literature references validating the typology is provided in the Supplementary Information 4. 
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and within the regions we assessed. Activities include subsistence and 
cash cropping with diverse management practices in terms of inputs, 
mechanization, the use of fire and fallows, gardening, animal rearing, 
both sedentary and migratory, aquaculture, small-scale timber planta
tions, charcoal production and harvesting timber from forests, the 
collection of NTFPs, and subsistence hunting and fishing. The main 
factors used to split the global small-scale farming system into multiple 
regionalized ones were market integration, land-use intensity, and 
mixed livelihood strategies, typically related to organization, access to 
technology and information, tenure, and landscape configuration. 

Small-scale systems are characterized by a gradient in terms of the share 
of labor or surplus production that is exchanged on local, regional, or 
global markets. This variety often results from different levels of inte
gration into networks, commodity chains, or political organization, and 
consequently, access to technologies, information (e.g., on market pri
ces), or infrastructure (e.g., processing, storing, transportation). For 
example, in Argentina and Bolivia, agricultural cooperatives and 
peasant movements play a critical role in shaping land systems, due to 
their role in negotiating better prices or access to public assistance 
policies. In Mozambique, urban investors and influential rural people 

Table 2 
Regionalized land systems. A detailed description (i.e., land-use actors and activities) is provided in the Supplementary Information.  

Global Argentina Bolivia India Mozambique Cambodia 

Industrial 
annual 
cropping 

A1.I Agribusiness 
cropping 

B1.I Agribusiness 
cropping 

C1.I Commodity 
cropping 

D1.I Commodity 
cultivations 

E1.I Agribusiness 
farming 

A1.II Irrigated cropping B1.II Mennonite farming       
Capitalized 

ranching 
A2.I Cattle fattening and 

rearing 
B2.I Cattle fattening and 

rearing   
D2.I Commercial cattle 

ranching   
A2.II Cattle ranching and 

breeding 
B2.II Cattle ranching and 

breeding       
A2. 
III 

Dairy production         

Speculative land 
holding 

A3.I Speculative 
clearing 

B3.I Speculative 
clearing       

Capitalized tree 
cropping     

C4.I Tree crop 
plantations 

D4.I Commercial tree 
crop plantations 

E4.I Commercial tree 
crop plantations     

C4.II Horticultural 
agroforestry     

Smallholder 
farming 

A5.I Organized 
smallholder 
farming 

B5.I Mechanized 
peasantry 

C5.I Agropastoral 
systems 

D5.I Medium-scale 
farming 

E5.I Commercial 
smallholding 

A5.II Non-organized 
smallholder 
farming 

B5.II Traditional 
peasantry 

C5.II Marginalized 
farming   

E5.II Semi-subsistence 
smallholding 

A5. 
III 

Mennonite farming         

Shifting 
cultivation   

B6.I Indigenous 
communal farming   

D6.I Semi-subsistence 
smallholding 

E6.I Communal 
Indigenous land 
use 

Pastoralism A7.I Forest-dependent 
grazing   

C7.I Migratory 
pastoralism     

Forest-dwelling A8.I Formalized 
Indigenous forest 
use 

B8.I Indigenous 
community 
territories 

C8.I Forest-dwelling on 
recognized lands     

A8.II Non-formalized 
Indigenous forest 
use 

B8.II Indigenous isolated 
hunting-gathering 

C8.II Forest-dwelling 
without land rights     

Forest 
plantations     

C9.I Private forestry D9.I Commercial timber 
plantations 

E9.I Commercial 
timber plantations 

Forestry in 
native forests 

A10. 
I 

Charcoal 
production 

B10. 
II 

Commercial logging   D10. 
I 

Concessions-based 
logging 

E10. 
I 

Informal, 
commercial 
logging 

A10. 
II 

Commercial 
logging     

D10. 
II 

License-based 
logging   

State 
conservation 

A11. 
I 

Strict state area 
protection 

B11. 
I 

Strict state area 
protection 

C11. 
I 

State protected 
areas 

D11. 
I 

Strict state area 
protection 

E11. 
I 

Conservation core 
zone 

A11. 
II 

Less restrictive 
state area 
protection 

B11. 
II 

Less restrictive state 
area protection 

C11. 
II 

Reserve forests D11. 
II 

Less restrictive 
state area 
protection 

E11. 
II 

Sustainable use 
zone 

Private 
conservation 

A12. 
I 

Private reserves B12. 
I 

Private reserves   D12. 
I 

Safari reserves         

D12. 
II 

Game reserves   

Community 
conservation   

B13. 
I 

Indigenous reserves C13. 
I 

Communal forests D13. 
I 

Sacred forests E13. 
I 

Community 
forestry     

C13. 
II 

Sacred groves   E13. 
II 

Indigenous sacred 
forests 

Energy land uses     C14. 
I 

Water reservoirs 
and dams   

E14. 
I 

Water reservoirs     

C14. 
II 

Electric power 
structures     

Mining & 
construction   

B15. 
I 

Large-scale 
resource extraction 

C15. 
I 

Mining D15. 
I 

Large-scale mining E15. 
I 

Large-scale mining   

B15. 
II 

Small-scale mining C15. 
II 

Infrastructure 
development 

D15. 
II 

Artisanal mining E15. 
II 

Artisanal mining  
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have recently emerged as a new type of medium-scale agricultural actor 
and tend to dominate farm lobby groups to influence agricultural pol
icies and public expenditures in their favor. Hence, their high access to 
capital and technologies not only translates to specific land-use activities 
and newly emerging associated threats but also shapes the market 
conditions in their surroundings by attracting large-scale grain traders 
and mechanization rental services. 

Tenure is an important factor in determining access to land and re
sources. For example, the recognition or disrespect of Indigenous terri
torial rights strongly affects local land uses in Argentina, Bolivia, 
Cambodia, and India. Unlike in most dry woodland regions where 
shifting cultivation is uncommon, it is the most prevalent land use in 
Mozambique. Similarly, both pastoralist and forest-dwelling systems are 
regionally specific. For example, pastoralism in India takes the shape of 
extensive, transhumant herding along traditional routes with cattle and 
goats, whereas in Argentina, it describes sedentary grazing systems with 
cattle roaming freely inside the forest. Although all forest-dwelling 
systems are based on nomadic-seasonal subsistence traditions, most of 
these nomadic practices are restricted today, so actors are typically 
engaged in small-scale gardening and productive activities oriented at 
local markets, such as in Argentina and India. An exception are Indig
enous tribes in some areas of Bolivia, living in voluntary isolation pri
marily from hunting and gathering. 

Forestry occurs in all analyzed dry woodland regions but with some 
heterogeneity due to institutional settings and the different extent of 
remaining natural forest. Commercial timber plantations are among the 
most widespread capitalized land uses in India, Mozambique, and 
Cambodia. Additionally, large quantities of timber are sourced from 
native forests by a variety of regional actors. While forestry is mainly 
carried out based on large-scale concessions by capitalized actors in 
Argentina and Bolivia, there are two forestry systems in native forests in 
Mozambique, distinguished by regulations, management requirements 
and spatial scale. In Cambodia and India, large-scale forestry in native 
forests is banned but illegal logging is common, including companies 
bypassing the logging ban inside economic land concessions in 
Cambodia or small-scale logging for fuelwood in Indian dry forests. 

Our regionalization also uncovered considerable variation in 
conservation-focused land systems, mainly due to restriction levels, 
privatization, agents, and primary purposes. The state is generally the 
most important and powerful actor for formal protection of lands in all 
our dry forest regions. However, as the levels of governance, funding, 
and restriction vary, conservation land uses translate into diverse and 
often incompatible land-use realities on the ground, ranging from 
strictly enforced use restrictions (e.g., national park core zones) to in
tegrated management of land use (e.g., in transition and buffer zones of 
biosphere reserves). Cambodia, for example, has strict conservation core 
zones next to “sustainable use zones” of community forestry by local 
communities or Indigenous communal lands, yet the latter can also 
include hydropower reservoirs, industrial agriculture, or mining. Private 
reserves play a minor role in terms of area and often combine conser
vation and ecotourism goals, for example in Argentina and Bolivia. In 
Mozambique, private and state conservation are often entangled, as 
lands are owned by the state, but protected areas are usually co-funded 
and managed by private conservancies or international NGOs, and 
commercial companies are allocated land to develop safari tourism and 
game hunting. Community-based conservation approaches are also 
comparably small in extent. Examples are Indigenous community re
serves in Bolivia, community forestry systems in Cambodia, communal 
forests in India, or sacred sites in the dry forests of India, Cambodia, and 
Mozambique. 

Finally, in terms of highly modified land uses, the Deccan dry forests 
stand out as a region where the spatial footprints of industry, infra
structure, and energy land uses are substantial. Mining systems occur in 
most dry woodland regions, usually involving both commercial, large- 
scale operations and small-scale artisanal mining. 

4. Discussion 

With land use being the main driver of the biodiversity crisis, and 
with the formulation of ambitious global conservation targets (Alves- 
Pinto et al., 2021; Convention on Biological Diversity, 2022), there is an 
urgent need to improve approaches to representing the complexity of 
land-use actors and activities in conservation and sustainability plan
ning. To address this challenge, we developed a scalable land system 
typology that combines the strengths of top-down and bottom-up ap
proaches. Land systems in our typology represent typical, recurring 
combinations of land-use activities and actors, translating into key 
challenges and opportunities for conservation. Applying this framework 
to tropical dry woodlands, we demonstrate that considering and 
capturing land-use complexity is critical to inform regionalized conser
vation action that is frequently highlighted as key for effective and just 
conservation. 

4.1. Insights from our land-system typology for conservation 

Our typology addresses land-use complexity for conservation plan
ning in five ways. First, a more detailed representation of land system 
diversity can improve the assessment of threats to biodiversity as these 
are tightly linked to specific actors and activities. While it is well known 
that capitalized land systems usually entail higher threat levels to 
biodiversity than less intensive land uses (Raven & Wagner, 2021), our 
typology goes substantially beyond such a generalization. Specifically, 
our typology is a basis for identifying, for each land system, the prop
erties that influence related threats. For example, capitalized ranching in 
the Argentine Chaco can occur on fully cleared lands, in less land- 
demanding feedlots, or on partially cleared lands as silvopastures, 
where remaining tree cover offers some biodiversity benefits (Fernández 
et al., 2020). Similarly, capitalized tree-cropping systems constitute 
monocultures in most contexts but can also entail elements that provide 
considerable biodiversity benefits (Dhyani et al., 2021; Zemp et al., 
2023). Some threats are actor-specific, and thus specific to certain land 
systems. For example, hunting is mainly motivated by tradition or 
subsistence in smallholder communities in many dry woodlands glob
ally, but can also be a manifestation of human-wildlife conflict in (agro) 
pastoral systems, such as in Argentina or India (Camino et al., 2018; 
Sethi, 2021). Finally, some threats are linked to complex socioeconomic 
or political phenomena that require contextual knowledge to be un
derstood. Examples of this include forest clearing to secure tenure or 
speculate on land prices in Bolivia (Vos et al., 2020), or forestry com
panies bypassing logging bans by obtaining economic land concessions 
in Cambodia (Milne, 2015). Our typology provides a tool to consider 
such nuances in conservation planning. 

Second, accounting for actors and their economic, institutional, and 
cultural context can help to identify leverage points for tailored con
servation action (Ban et al., 2013; de Snoo et al., 2013). For example, 
area-based initiatives might be effective in targeting land systems where 
actors are operating in one location but might lead to leakage when 
addressing flexible and mobile capitalized actors, such as agribusinesses 
in Argentina and Bolivia (de la Vega-Leinert & Huber, 2019; Le Polain 
De Waroux et al., 2016). Since these actors have the capacity to make 
decisions over land in multiple production sectors and locations, 
combining area-based measures and supply-chain-based measures such 
as certificates or trade regulations could prevent such leakage (Gasparri 
& le Polain de Waroux, 2014). Moreover, different motives and capac
ities of land-use actors influence whether incentivizing, constraining, or 
supporting measures are most appropriate. For example, incentivizing 
biodiversity-friendliness via certificates might be effective for profit- 
oriented actors with long-term interests, whereas constraining mecha
nisms such as enforced regulations might be a more appropriate tool in 
the case of actors interested in extracting short-term rent from the land 
(Vos et al., 2020). Weak consideration of actors’ motivation and agency 
has been at the heart of many unwanted conservation outcomes (Colloff 
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et al., 2017; Iwamura et al., 2018), which could be avoided by our actor- 
based typology. 

Third, our typology can help highlight land-use contexts where 
conservation action can more easily provide co-benefits for people and 
nature (Alves-Pinto et al., 2021). For example, we identified several land 
systems where conservation is already a main goal, and strengthening 
institutional support could improve ecological and social outcomes, 
such as for sacred forests or spiritual sites in the Indian, Mozambican, or 
Cambodian dry forests (Dar et al., 2022; Khan et al., 2008; Virtanen, 
2002). Similarly, Indigenous and traditional land uses, such as in the 
Argentine, Bolivian and Indian dry forests can have positive effects on 
nature conservation and ecosystem service provisioning (Pratzer et al., 
2023; Sze et al., 2022; Umeek, 2011) but currently receive a small share 
of conservation funding and attention compared to state-protected areas 
(Qin et al., 2022; Tauli-Corpuz et al., 2020). Supporting actors in 
Indigenous and traditional land systems in maintaining stewardship of 
their lands and recognizing their historical rights to do so thus repre
sents a significant opportunity for enabling equitable conservation. 

Fourth, highlighting the plurality of land uses in many landscapes 
captures the real-world complexity of spatially overlapping land uses. 
Unlike previous approaches which assumed land uses to be categorical 
in space (Asselen & Verburg, 2012; Levers et al., 2018), our narrative 
typology can contribute to designing conservation strategies that 
appropriately address such plurality. For example, industrialized crop
ping and capitalized ranching activities in Argentina and Bolivia often 
co-occur on the same land, involving the same actors, but translate into 
distinct threats (Baldi et al., 2015; de la Vega-Leinert & Huber, 2019; 
Gasparri & le Polain de Waroux, 2014). Similarly, our typology high
lights conflicting actor constellations that should be taken into account, 
such as energy land uses and pastoralist systems in the Deccan dry for
ests or industrial and communal land uses and conservation in the 
Cambodian dry forests (Baka, 2013; Diepart & Oeur, 2023; Diepart & 
Sem, 2018). Importantly, our typology can uncover conservation land 
uses overlapping with other land uses that are commonly ‘hidden’ (e.g., 
pastoralist or forest-dwelling people) or overlooked in large-scale as
sessments (de la Vega-Leinert, 2020; Levers et al., 2021; Singh et al., 
2022). 

Fifth, our hierarchical approach can help create a bridge between 
global-scale top-down policymaking and priority setting, and local-to- 
regional initiatives for action on the ground – as both scales are rele
vant for conservation planning and action (Tulbure et al., 2022; Wyborn 
& Evans, 2021). So far, cross-regional learning is often hindered by 
conservation planning focused on single regions as well as by global 
scale conservation planning that often must rely on highly generalized 
data. Our global level, on the one hand, provides coarse but compre
hensive insights, matching the setting of targets of international policy- 
making (Convention on Biological Diversity, 2022), the geographic 
scales of the increasingly tele-coupled pressures on biodiversity (Allan 
et al., 2022), and the increasingly cross-border dynamics of conservation 
initiatives (Qin et al., 2022). On the other hand, our regionalized land 
systems provide contextual nuance. For example, in smallholder farming 
systems in Argentina, a crucial factor is the level of political organization 
since it determines the actors’ access to markets and support by the 
government (Wald, 2014) thus shaping their responsiveness to supply- 
chain-based instruments or their capacities to adapt more biodiversity- 
friendly technologies. In turn, in Mozambique, the heterogeneous 
group of smallholder farmers comprises semi-subsistence farmers be
sides urban-based investors whose land use might threaten biodiversity 
mainly due to the application of pesticides or simplification of land
scapes (Jayne et al., 2016). Consequently, global-scale conservation 
efforts, such as the design of supply chain mechanisms (e.g. sustainable 
coffee certification schemes) or trade regulations (e.g. EU-MERCOSUR 
agreement), can be informed by shared characteristics of smallholders 
across regions, while regional initiatives, like farm support schemes or 
regional land-use zoning plans, must consider contextual specificities. 
By linking global and regional system characterizations in one consistent 

framework, our scalable typology can detect inter-regional similarities 
that enable large-scale planning, comparison, and cross-regional 
learning, while retaining the contextual nuance needed to identify 
conservation action tailored to the threats or opportunities associated 
with specific actors and activities. 

4.2. Making the typology actionable 

Our typology can be used in conservation planning in four major 
ways. First, the regionalized land systems can be the basis for mapping 
key characteristics that are typically hard to represent spatially. Spe
cifically, mapping regionalized land systems would allow mapping 
threats, a notoriously challenging task (Benítez-López et al., 2017; 
Blowes et al., 2019; Symes et al., 2018). For example, while deforesta
tion may pose the greatest threat to woodland birds (Macchi et al., 
2019), the presence of semi-subsistence ranchers could be the largest 
threat to carnivores, as they are likely to kill large carnivores to protect 
their livestock (Jędrzejewski et al., 2017). Hence, the diversity of actors 
and activities results in very different spatial patterns of threats and 
opportunities for co-existence for these taxa with people (Marinaro 
et al., 2017). By relying on expert-based archetyping instead of data- 
driven classification of systems, we overcome constraints imposed by 
the current availability of spatial data (on threats). Decoupling the 
mapping process from the typology development, furthermore, allows 
for progressive improvement as better data, for instance on land-use 
actors, becomes available. 

Second, our typology framework can be used to identify the key 
variables within each land system that shape threats to biodiversity and 
opportunities for future conservation. For example, the gradient from 
feedlots to silvopastures in the capitalized ranching systems of the 
Argentine Chaco (Mastrangelo & Gavin, 2012), or the gradient from 
monocultures to agroforestry in capitalized tree cropping systems in 
Indian Deccan dry forests characterize heterogeneity that is most critical 
for biodiversity (Dhyani et al., 2021). Such insights can steer the design 
of biodiversity assessments, including what data should be collected 
over distinct land systems to measure the effectiveness of policies. 

Third, the typology includes area-based conservation as a land use by 
itself and thus provides a framework for assessing social implications of 
governance and territorialization processes linked to conservation 
(Buchadas, et al., 2022b; Thaler et al., 2019). Since conservation always 
competes with other land uses and has often unevenly distributed costs 
and benefits (Brockington et al., 2008; Büscher et al., 2017), the social 
impacts of conservation can be substantial (Sandbrook et al., 2023) with 
sometimes devastating consequences for local communities (Barnes 
et al., 2023). By offering a lens to engage with the diverse nature and 
implications of area-based conservation, our typology can contribute to 
avoiding fortress conservation as an unwanted outcome of conservation 
(Brockington, 2002; Sandbrook et al., 2023). 

Fourth, the typology framework we propose here can be transferred 
and expanded to other regions to reveal opportunities but also limita
tions of cross-regional learning. Although our study only included five 
regionalized cases, trends observed coincide with studies from other 
tropical dry woodland regions. Examples include the key importance of 
tenure regimes in dry forests in Mexico (Schroeder & Castillo, 2013), the 
conservation and livelihood challenges of forest-dependent pastoralism 
in Brazil (Schulz et al., 2018), wildlife-related threats to smallholder 
livelihoods in Botswana (Gupta, 2013), or the expansion of renewable 
energy areas in Australia (Guerin, 2019). Allocating case studies to a 
certain land system in the typology, through mapping or not, can pro
vide the basis for comparative analyses and thus enable transferring 
knowledge and sharing experiences of successful strategies from one 
place to another (Diogo et al., 2023). 

4.3. Limitations 

Methods based on expert elicitation are prone to contextual biases 
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since experts can make mistakes, be overconfident, or unevenly repre
sent concerns (Hemming et al., 2018). We consider these biases minor in 
our case because we sought to collect a plurality of expert knowledge 
and worked with a large number of experts to capture a diversity of land 
systems, rather than deriving precise estimates or formulating specific 
recommendations based on expert judgement. By involving several ex
perts in every workshop and including a wide range of disciplines and 
thematic foci related to land use and conservation, we believe that we 
could sufficiently capture the variety of scientific and conservation 
perspectives. However, our typology did not incorporate the views and 
concerns of local land users directly. This could be a useful future 
extension of our co-design approach. 

Another shortcoming of our typology relates to neglected di
mensions. As every generalization reduces complexity, several factors 
are absent or only indirectly present in our typology, mainly individual 
actor aspects (e.g., gender, race, or personal attitude), temporal di
mensions (e.g., land-use change trajectories), or factors external to the 
systems (e.g., international political, legal, or economic contexts, po
litical history). Although these might be critical for the precise design of 
conservation interventions, the value of middle-ground approaches for 
conservation planning is to establish context-sensitive abstractions that 
can most meaningfully inform policies and foster action (Oberlack et al., 
2023). 

5. Conclusion 

Changes in land use are the main threat to global biodiversity, 
directly through the transformation of habitat, and indirectly, through 
the many other pressures that increase where land use expands and 
intensifies. Finding ways to improve consideration of the social- 
ecological complexity surrounding land use is crucial to addressing 
and mitigating these threats, yet incorporating the diversity of land-use 
actors and activities in broad-scale conservation and sustainability 
planning has been difficult due to the complexity of land use and a 
general lack of knowledge and data describing this complexity well. The 
typology framework and methodology we develop and demonstrate 
here effectively address this challenge, combining the strengths of top- 
down and bottom-up approaches. There is an increasing recognition 
that conservation challenges are complex and wicked problems that 
cannot be solved on a single scale or with a single strategy. When there 
are no silver-bullet solutions available, the challenge is to design con
textually appropriate interventions carefully at multiple scales and from 
multiple perspectives, grounded in knowledge on socio-ecological sys
tems. To meet this challenge, we propose a tool to foster careful con
servation that links global imperatives with on-ground, place-based 
solutions considering the wide range of land-use actors and activities, 
connected to diverse portfolios of threats to biodiversity, opportunities 
for interventions, or trade-offs with conservation action. We suggest this 
can be a key step towards more effective and just conservation. 
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Acevedo-Rodríguez, P., Adarve, J., Álvarez, E., Aranguren, A.B., Arteaga, J.C., 
Aymard, G., Castaño, A., Ceballos-Mago, N., Pennington, R.T., 2016. Plant diversity 
patterns in neotropical dry forests and their conservation implications. Science 353, 
1383–1387. https://doi.org/10.1126/science.aaf5080. 

Baragwanath, K., Bayi, E., 2020. Collective property rights reduce deforestation in the 
Brazilian Amazon. PNAS 117 (34), 20495–20502. https://doi.org/10.1073/ 
pnas.1917874117. 
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Kehoe, L., Romero-Muñoz, A., Polaina, E., Estes, L., Kreft, H., Kuemmerle, T., 2017. 
Biodiversity at risk under future cropland expansion and intensification. Nat. Ecol. 
Evol. 1 (8), 1129–1135. https://doi.org/10.1038/s41559-017-0234-3. 

Keith, D. A., Ferrer-Paris, J. R., Nicholson, E., Bishop, M. J., Polidoro, B. A., Ramirez- 
Llodra, E., Tozer, M. G., Nel, J. L., Mac Nally, R., Gregr, E. J., Watermeyer, K. E., Essl, 
F., Faber-Langendoen, D., Franklin, J., Lehmann, C. E. R., Etter, A., Roux, D. J., 
Stark, J. S., Rowland, J. A., … Kingsford, R. T. (2022). A function-based typology for 
Earth’s ecosystems. Nature, 610(7932), Article 7932. doi: 10.1038/s41586-022- 
05318-4. 

Khan, M., Shalata, A., Khumbongmayum, D., Tripathi, R., 2008. The sacred groves and 
their significance in conserving biodiversity: An overview. Int. J. Ecol. Environ. Sci. 
© NATIONAL INSTITUTE OF ECOLOGY 34, 277–291. 

Kostrowicki, J., 1992. A hierarchy of world types of agriculture. In: Mohammad, N. (Ed.), 
New Dimensions in Agricultural Geography: Historical dimensions of agriculture. 
Concept Publishing Company, pp. 163–203. 

Kuemmerle, T., Erb, K., Meyfroidt, P., Müller, D., Verburg, P.H., Estel, S., Haberl, H., 
Hostert, P., Jepsen, M.R., Kastner, T., Levers, C., Lindner, M., Plutzar, C., Verkerk, P. 
J., van der Zanden, E.H., Reenberg, A., 2013. Challenges and opportunities in 
mapping land use intensity globally. Curr. Opin. Environ. Sustain. 5 (5), 484–493. 
https://doi.org/10.1016/j.cosust.2013.06.002. 

Kuemmerle, T., Baldi, G., Camino, M., Cuellar, E., Cuellar, R.L., Decarre, J., Díaz, S., 
Gasparri, I., Giordano, A.J., Leynaud, G., Macchi, L., Piquer-rodríguez, M., Romero- 
, A., Semper-pascual, A., 2017. Forest conservation: Remember Gran Chaco. Science 
355 (6324), 465–467. https://doi.org/10.1126/science.aal3020. 

Lambin, E. F., Gibbs, H. K., Heilmayr, R., Carlson, K. M., Fleck, L. C., Garrett, R. D., Le 
Polain De Waroux, Y., McDermott, C. L., McLaughlin, D., Newton, P., Nolte, C., 
Pacheco, P., Rausch, L. L., Streck, C., Thorlakson, T., & Walker, N. F. (2018). The 
role of supply-chain initiatives in reducing deforestation. Nature Climate Change, 8 
(2), 109–116. doi: 10.1038/s41558-017-0061-1. 

Lambin, E.F., Geist, H.J., Lepers, E., 2003. Dynamics of Land-Use and Land-Cover Change 
in Tropical Regions. Annu. Rev. Env. Resour. 28 (1), 205–241. https://doi.org/ 
10.1146/annurev.energy.28.050302.105459. 

le Polain de Waroux, Y., Baumann, M., Gasparri, N. I., Gavier-Pizarro, G., Godar, J., 
Kuemmerle, T., Müller, R., Vázquez, F., Volante, J. N., & Meyfroidt, P. (2018). Rents, 
Actors, and the Expansion of Commodity Frontiers in the Gran Chaco. Annals of the 
American Association of Geographers, 108(1), 204–225. doi: 10.1080/ 
24694452.2017.1360761. 

le Polain de Waroux, Y., Garrett, R. D., Chapman, M., Friis, C., Hoelle, J., Hodel, L., 
Hopping, K., & Zaehringer, J. G. (2021). The role of culture in land system science. 
Journal of Land Use Science, 16(4), 450–466. doi: 10.1080/1747423X.2021.1950229. 

Lees, C.M., Rutschmann, A., Santure, A.W., Beggs, J.R., 2021. Science-based, 
stakeholder-inclusive and participatory conservation planning helps reverse the 
decline of threatened species. Biol. Conserv. 260, 109194 https://doi.org/10.1016/j. 
biocon.2021.109194. 

Lehmann, C.E.R., Parr, C.L., 2016. Tropical grassy biomes: Linking ecology, human use 
and conservation. Philos. Trans. R. Soc., B 371. https://doi.org/10.1098/ 
rstb.2016.0329. 

Levers, C., Müller, D., Erb, K., Haberl, H., Jepsen, M.R., Metzger, M.J., Meyfroidt, P., 
Plieninger, T., Plutzar, C., Stürck, J., Verburg, P.H., Verkerk, P.J., Kuemmerle, T., 
2018. Archetypical patterns and trajectories of land systems in Europe. Reg. Environ. 
Chang. 18 (3), 715–732. https://doi.org/10.1007/s10113-015-0907-x. 
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Václavík, T., Lautenbach, S., Kuemmerle, T., Seppelt, R., 2013. Mapping global land 
system archetypes. Glob. Environ. Chang. 23 (6), 1637–1647. https://doi.org/ 
10.1016/j.gloenvcha.2013.09.004. 

Verburg, P.H., Crossman, N., Ellis, E.C., Heinimann, A., Hostert, P., Mertz, O., 
Nagendra, H., Sikor, T., Erb, K.H., Golubiewski, N., Grau, R., Grove, M., Konaté, S., 
Meyfroidt, P., Parker, D.C., Chowdhury, R.R., Shibata, H., Thomson, A., Zhen, L., 
2015. Land system science and sustainable development of the earth system: A 
global land project perspective. Anthropocene 12, 29–41. https://doi.org/10.1016/j. 
ancene.2015.09.004. 

Virtanen, P., 2002. The Role of Customary Institutions in the Conservation of 
Biodiversity: Sacred Forests in Mozambique. Environ. Values 11 (2), 227–241. 

Vos, V.A., Gallegos, S.C., Czaplicki-Cabezas, S., Peralta-Rivero, C., 2020. Biodiversidad 
en Bolivia: Impactos e implicaciones de la apuesta por el agronegocio. Mundos 
Rurales 15 (1), 25–48. 

Wald, N., 2014. In Search of Alternatives. Lat. Am. Perspect. https://doi.org/10.1177/ 
0094582X14534608. 

Le Polain De Waroux, Y., Garrett, R. D., Heilmayr, R., & Lambin, E. F. (2016). Land-use 
policies and corporate investments in agriculture in the Gran Chaco and Chiquitano. 
Proceedings of the National Academy of Sciences of the United States of America, 113 
(15), 4021–4026. doi: 10.1073/pnas.1602646113. 

Williams, D.R., Rondinini, C., Tilman, D., 2022. Global protected areas seem insufficient 
to safeguard half of the world’s mammals from human-induced extinction. Proc. 
Natl. Acad. Sci. 119 (24), e2200118119 https://doi.org/10.1073/pnas.2200118119. 

Wyborn, C., & Evans, M. C. (2021). Conservation needs to break free from global priority 
mapping. Nat. Ecol. Evol., 5(10), Article 10. doi: 10.1038/s41559-021-01540-x. 

Zemp, D. C., Guerrero-Ramirez, N., Brambach, F., Darras, K., Grass, I., Potapov, A., Röll, 
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